Hox transcription factors are essential for shaping body morphology in development and evolution. The control of Hox protein activity in part arises from interaction with the PBC class of partners, pre-B cell transcription factor (Pbx) proteins in vertebrates and Extradenticle (Exd) in Drosophila. Characterized interactions occur through a single mode, involving a short hexapeptide motif in the Hox protein. This apparent uniqueness in Hox-PBC interaction provides little mechanistic insight in how the same cofactors endow Hox proteins with specific and diverse activities. Here, we identify in the Drosophila Ultrabithorax (Ubx) protein a short motif responsible for an alternative mode of Exd recruitment. Together with previous reports, this finding highlights that the Hox protein Ubx has multiple ways to interact with the Exd cofactor and suggests that flexibility in Hox-PBC contacts contributes to specify and diversify Hox protein function.
development ͉ transcription ͉ hexapeptide ͉ UbdA H ox genes play fundamental roles in shaping animal body plans in development and evolution (1) , yet the mechanisms underlying Hox protein function remain poorly understood. Questions to be solved include how the same Hox protein directs distinct biological responses and how different Hox proteins bearing similar or identical biochemical properties promote specific developmental programs. These questions highlight diversity and specificity as intrinsic characteristics of Hox protein activity, which are likely to be mechanistically linked, as relying on Hox transcriptional properties. Although other proteins are presumably involved (2), our current knowledge of Hox protein mode of action mainly stands from the interaction with the PBC class of cofactors that specifies target site recognition (3, 4) .
Our current view of Hox-PBC interactions is that they all occur through a single mode, involving a short hexapeptide (HX) motif. The importance of the Hox HX motif in mediating interaction with PBC proteins is extensively supported by its requirement in in vitro interaction assays (for examples, see ref. 5 and 6) and by crystallographic studies that showed that the HX provides most if not all major contacts (7) (8) (9) . In contrast, in vivo functional support for a role of the HX in mediating interaction with PBC proteins is still limited, mainly because effects of HX mutations during development have only been assessed for two vertebrate Hox proteins, Hoxa-1 (10) and Hoxb-8 (11), and for three Drosophila proteins, Labial (Lab) (12) , Ubx (13) , and Abdominal-A (AbdA) (14) .
Mutation of the HX in Hoxb-8 results in dominant phenotypes, which are at present difficult to interpret with regard to Pbx recruitment. Hoxa-1 HX mutation mimics Hoxa-1 loss of function, including defects in the hindbrain that could relate to loss of Pbx recruitment because inactivation of Pbx2 and Pbx4 in the zebrafish affects hindbrain patterning (15) . However, addressing in vertebrates whether phenotypes resulting from HX mutations are consequences of defects in Pbx interaction will require examination of combinations of Hox-1 paralogous and Pbx gene mutations. In Drosophila, mutation of the HX in Lab, the only representative of Hox-1 class genes, results in an hyperactive protein when assayed for its potential to activate transcription through an evolutionarily conserved Hoxb-1 autoregulatory element (12, 16) . This hyperactivity results from the loss of an inhibitory action of the HX on Lab DNA binding. In this context, it was proposed that HX-mediated recruitment of Extradenticle (Exd) acts to mask the DNA-binding inhibitory activity of the HX motif (12) .
Although the Hoxa-1 and Lab studies support, yet not exclusively, a role of the HX in mediating recruitment of PBC class proteins during development, work on Drosophila Ubx and AbdA has provided evidences for HX-independent mode of Exd recruitment. Regarding Ubx, a truncated protein lacking Nterminal sequences (including the HX) was shown in vitro to retain Exd recruitment potential (17) and to interact weakly with Exd in yeast two-hybrid assays (5). More specifically, mutation of the HX does not affect the capacity to recruit Exd on a Hox/Exd consensus target sequence in vitro and to repress in an Exd-dependent manner the limb-promoting gene Distalless [Dll (13, 18) ], which has served as a paradigm to study Hox-Exd interactions (2, (19) (20) (21) . Concerning AbdA, the HX-deficient protein was shown to recruit Exd on the Dll regulatory element that mediates Dll repression (14) , consistent with its retained ability to repress Dll.
Thus, Hox-PBC interactions are not limited to HX-mediated interactions, highlighting that another Hox protein motif, yet to be identified, may also assume this function. The Ubx C terminus [sequences downstream of the homeodomain (HD), UC], important for Ubx segment identity functions (22) and shown to increase the ability of the Ubx HD to associate with Exd in yeast two-hybrid assays (5), harbors an 8-aa peptide previously termed UbdA (22) as well as a QA repression domain responsible for changes in Ubx activity (23, 24) . Although evolutionarily conserved, the precise function of the UbdA motif, only present in Ubx and AbdA proteins but absent from any other Drosophila Hox protein (ref. 22 and Fig. 1A) , is not known. In this work, we report on the function of the UbdA motif in the context of the Ubx protein. Because this motif is specific to Ubx and AbdA, which share the HX-independent mode of Exd recruitment, we focused our analysis on the possible implication of this motif in mediating Exd recruitment.
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Results
The UbdA retains some potential to recruit Exd, we tested a possible compensatory role of the HX by mutating both the HX and UbdA motifs. We found that Ubx HX,UbdA recruits Exd with a low affinity similar to that of Ubx UbdA (Fig. 1C) , supporting that the HX is not responsible for the residual Exd recruitment potential of Ubx UbdA . These observations support a major role for the UbdA motif in Exd recruitment and suggest that additional amino acids marginally contribute to UbxExd interaction, consistent with previous results involving Ubx HD residues (17) . 
Fig. 2.
The UbdA motif is required for Exd-dependent Dll repression. (A and B) DME activity, detected by an anti-␤-galactosidase staining (green and highlighted by arrows), is in wild-type embryos restricted to thoracic segments where Ubx (detected by an anti-Ubx staining, red) is not expressed. (C-J) Ubiquitous expression of wild-type and Ubx variants was driven by arm-Gal4. Ubx (C and D) and Ubx HX (E and F) repress DME activity, whereas Ubx UbdA (G and H) and Ubx HX,UbdA (I and J) do so only poorly. Quantification of the repressive activity of Ubx and its variants on DME reporter expression (K, see Materials and Methods). Embryos, anterior to the left and ventral side down, are at stage 11.
and D), HX-( Fig. 2 E and F) , UbdA-( Fig. 2 G and H) , or HX,UbdA-( Fig. 2 I and J) deficient forms of Ubx was taken as a measure of their in vivo repressive activities. Quantification (Fig. 2K ) of DME-controlled reporter activity showed that Ubx and HX-deficient Ubx are strong DME repressors (95% and 80% of Ubx repressive activity, respectively), whereas Ubx UbdA and Ubx HX,UbdA have lost most of wild-type repression efficiency (19% and 17%, respectively). The similar levels of repression by Ubx UbdA and Ubx HX,UbdA indicate that the two Exd recruitment motifs in Ubx do not perform redundant functions in vivo. Together, the positive correlation between the ability to repress DME in vivo and to recruit Exd on DllR in vitro supports that the UbdA motif is required for proper Exd recruitment in the process of Dll repression.
To ascertain that the loss of Exd recruitment on DllR and the loss of Dll repression do not result from a general loss of Ubx UbdA activity, we analyzed its potential to repress wing promoting genes, including spalt (sal), Blistered/dSrf and vestigial (vg), a function known to be Exd-independent (13) . Using the MS1096-Gal4 driver, preferentially active in the dorsal wing pouch compartment, we found that both wild-type Ubx and Ubx UbdA repress dSrf expression as well as Vg-Q, sal-328, and sal-1.1 enhancer activities in a dorsal compartment-specific manner [supporting information (SI) Fig. 7 ]. EMSAs performed using Ubx-responsive cis-regulatory sequences of sal (13) showed that the UbdA mutation does not alter the capacity of Ubx to associate as a monomer to sal enhancers (SI Fig. 8 ). Taken together, these data indicate that the UbdA mutation does not result in a globally nonfunctional protein and that the UbdA motif appears nonessential for Exd-independent repression of wing fate by Ubx. We thus propose that loss of Dll repression by mutation of the UbdA motif results from the lack of Exd recruitment.
The UbdA Motif Confers Exd Recruitment Potential to an HX-Deficient
Antennapedia Protein. If the UbdA motif acts as a bona fide Exd recruitment domain, then it should be able to confer de novo Exd-binding activity to a Hox protein deficient for Exd binding. To test this possibility, we first used a Hox/Exd consensus sequence derived from DllR, DllRcon, that was in particular shown to assemble an Antennapedia (Antp)-Exd complex (21) . Interestingly, on this specific target sequence, the Hox-Exd complex forms in the absence of Hth (Fig. 3B) . Mutation of the HX motif in Antp (Fig. 3A) results in the loss of Exd recruitment (Fig. 3B) , which provides the appropriate context to ask whether the UbdA motif has the potential to restore Exd-binding activity. We found that Exd recruitment is restored by swapping the Antp C-terminal region with that of Ubx (Fig. 3 A and B) . This de novo Exd-binding activity is abolished by point mutations within UbdA (Fig. 3 A and B) , demonstrating that the UbdA motif confers Exd recruitment potential in vitro on this Hox/Exd consensus sequence.
The UbdA Motif Confers Exd-Dependent Activity to an HX-Deficient Antp Protein. To assess the in vivo properties of the Antp variants, we analyzed their ability to control the expression of teashirt (tsh). tsh is a target of Antp/Exd activity in the embryonic epidermis (27, 28) , and ubiquitous expression of Antp induces ectopic tsh transcription in the head region (27) (Fig. 4 C and D) . This activity is abolished in the HX-deficient Antp protein (Fig.  4 E and F) . Grafting the UC restores tsh inducibility (Fig. 4 G and H) in a manner that strictly depends on the integrity of the UbdA motif (Fig. 4 I and J) . To establish firmly that these in vivo properties parallel the capacity of the protein to recruit Exd, we scanned for Antp-Exd-binding sites in the tsh epidermal enhancer (27) . We found that trimeric Antp-Exd-Hth complexes assemble on tsh regulatory sequences. Mutation of the HX results in the loss of Exd-Hth recruitment (Fig. 3C) . This loss is reversed upon grafting wild-type but not the UbdA-mutated UC (Fig. 3C) . Together with the requirement of the motif for Dll repression, these data provide strong support for the direct implication of the UbdA motif in mediating Exd recruitment.
The UbdA Motif Is Dispensable for Activation of the Ubx/Exd Target Gene decapentaplegic. To investigate further the function of the UbdA motif, we analyzed its requirement for the activation of the decapentaplegic (dpp) gene in the embryonic visceral mesoderm (Fig. 5 A and B) . dpp was previously shown to be activated (lanes 12-14) . The two first lanes are, respectively, the probe alone and nonprogrammed lysate. The gray arrowhead indicates the position of the Hox-DNA complexes. Twenty-five nanograms of Antp or its variants was used.
in the central part of the midgut [parasegment (PS) 7] in response to Ubx and Exd activity (17, 29, 30) . Functional binding sites for both proteins were identified, establishing dpp as one of the few molecularly characterized Ubx/Exd direct target genes. Mesodermal ubiquitous expression of Ubx induces anterior ectopic expression of dpp in PS4-5 ( Fig. 5 C and D) . A previous report showed that a Ubx protein bearing a short deletion covering the HX retained dpp-inducing capabilities (18) . Consistent with this report, we also found that Ubx HX still activates dpp (Fig. 5 E and F) , therefore raising the possibility that the UbdA motif may be required for dpp activation. However, we found that Ubx UbdA retains its dpp-activating potential (Fig. 5 G  and H) , which is not caused by functional redundancy of the HX and UbdA motifs because Ubx HX,UbdA still activates dpp (Fig. 5  I and J) . Thus, unlike for Dll regulation, the UbdA motif is dispensable for Exd-dependent regulation of dpp. UbdA to perform Exd-dependent repression of Dll in vivo. We also provide evidence that mutation of the UbdA motif does not result in a globally defective protein: the UbdA mutated protein still binds DNA with appropriate affinities as a monomer, still represses the wing promoting genes dSRF, sal, and vg and still activates the dpp target gene in the visceral mesoderm. Thus, mutating the UbdA motif selectively affects a subset of Ubx functions. Importantly, the conclusion that the UbdA motif mediates Exd recruitment is also supported by the demonstration that the motif provides de novo Exd recruitment potential to a Hox protein that has been rendered deficient for this function. This finding is shown both in vitro by the potential of the motif to confer Exd recruitment to Antp on a Hox/Exd consensus sequence and on a cisregulatory sequence of the Antp/Exd target gene tsh, and in vivo by its potential to restore Exd-dependent activation of tsh.
Complexity in Hox-Exd Interactions.
The Ubx protein provides a so far unique situation wherein two identified protein motifs within the same Hox protein have the potential to perform the recruitment of the Exd cofactor, which raises the question of whether these two motifs are effectively used for Exd recruitment by Ubx. Previous work has shown that an HX-deficient Ubx protein was altered in its segment identity specification: whereas Ubx specifies A1 segment identity (31, 32) , the mutated form specifies A2-like identity (13) . Interestingly, in a context deficient for zygotic Exd contribution (33) , Ubx also specifies A2-like identity, suggesting that the HX motif is required for Exd-dependent A1 specification. These observations support that within this context, the HX is the motif used to perform Exd recruitment (Fig. 6B) , although definitive support awaits characterization of Ubx-Exd interaction on a Ubx downstream target gene involved in segment identity specification (gene X in Fig. 6B ). Considering our finding that the UbdA motif mediates Exd recruitment in the process of Dll regulation (Fig. 6A) , we propose that depending on the developmental context, i.e., on A second level of complexity in the Ubx-Exd relationship is illustrated by the regulation of the dpp target gene. In this case, we found that neither the HX nor the UbdA motif was required for Exd-dependent activation by Ubx. The possibility that these two motifs were acting in a redundant way was excluded by the observation that a Ubx protein mutant for both motifs still activates dpp. Thus, other protein motifs, yet to be identified, could confer an additional mode of Exd interaction, further increasing the diversity by which Ubx could contact the Exd cofactor (Fig. 6C) . Alternatively, the dispensability of the HX and UbdA motifs for dpp activation may also suggest that Ubx/Exd contacts are not required (Fig. 6D) . The latter hypothesis is supported by the existence in dpp regulatory regions of Exd-binding sites that are not closely associated to Hox-binding sequences (29, 30) and by the previous observation that Exd can improve Ubx monomer binding to dpp regulatory sequences in a manner that does not require the formation of a Ubx-Exd-DNA tripartite complex (17) . In any case, the regulation of dpp suggests further complexity in the Ubx-Exd relationship, which, by extension, highlights that the functional interplay of Hox-PBC proteins is likely to be more diverse than our current view.
Implications for Hox Protein Diversity and Specificity. Although previous studies showed that HX-deficient Hox proteins retain the capacity to interact with Exd and to mediate Exd-dependent functions (13, 14) , motifs responsible for alternative modes of interaction were not identified. This work identifies a so far unique HX-alternative mode of PBC recruitment, introducing the notion of flexibility in Hox-PBC contacts. This interaction mode was not anticipated from previous crystallographic studies because the truncated Ubx protein used was lacking the UbdA motif (7) . Given the divergence of the primary sequences of the HX and UbdA motifs, their distinct location in the protein, and the absence of functional redundancy, the UbdA-and HXmediated interaction modes are likely to be structurally distinct.
Our findings have also implications with regard to Hox protein diversity and specificity. Flexibility in Hox-PBC interactions allows us to address the issue of diversity from a mechanistic point of view: depending on the motif involved in the interaction, which likely relies on the target sequence (Fig. 6) , the Hox-PBC complex may adopt different conformations, which in turn set structural bases for distinct activities. This process therefore provides cues to explain how diversity can be generated through qualitatively distinct interaction modes involving the same protein partners. Furthermore, because the UbdA motif is only found in Ubx and AbdA, it likely endows these two proteins with a specific Exd interaction mode. This mode may serve to distinguish Ubx and AbdA from other Drosophila Hox proteins, therefore providing basis for Hox protein specificity. Finally, our study questions whether additional HX-independent modes of PBC interaction exist. It was reported previously that the HX-deficient Lab protein retains Exd interaction potential and in vivo Exd-dependent activity (12) . As Lab does not bear a UbdA motif, it supports further flexibility in Hox-PBC interaction. Addressing the issue of diversity in Hox-PBC interaction thus appears as a necessary step to understand the mechanisms underlying Hox protein activity in development and evolution.
Materials and Methods

Flies, Egg Collections, Cuticle Preparations, in Situ Hybridization, and
Immunostaining. 24B-Gal4 and armadillo(arm)-Gal4 were used as embryonic mesodermal and ubiquitous drivers, respectively, and MS1096-Gal4 for preferential expression in the dorsal compartment of the wing pouch. UAS-Antp and UAS-Ubx were provided by M. Akam (Cambridge University, Cambridge, U.K.) and R. Mann (Columbia University, New York, NY). sal328-lacZ, sal1.1-lacZ, and VgQ-lacZ reporter lines were from S. Carroll (University of Wisconsin, Madison, WI), and the DME-lacZ line from R. Mann. Embryo collections, cuticle preparations, in situ hybridizations, and immunodetections were performed according to standard procedures. Digoxigenin RNA-labeled probes were generated according to the manufacturer's protocol (Boehringer Mannheim, Gaithersburg, MD) from dpp and tsh cDNAs cloned in Bluescript. dSRF antibody was used at a 1/50 dilution. Monoclonal antibodies to Ubx (FP3.38, dilution 1/100), Antp (4C3, dilution 1/100) and Wg (4D4, dilution 1/10) are from R. White (Cambridge University, Cambridge, U.K.) and Developmental Studies Hybridoma Bank (DSHB) (Iowa City, IA) The rabbit (MP Biomedicals, Solon, OH) or mouse (Promega, Madison, WI) anti-␤-galactosidase antibodies were used at a 1/500 dilution.
Constructs, Transgenic Lines, and Gain-of-Function Experiments. Hox variant constructs (see precise modifications in SI Fig. 9 and figure legends) were generated by PCR from full-length Ubx and Antp cDNAs. Primers used are available upon request. All constructs were cloned in the pcDNA3 vector and were sequenced-verified. Constructs for fly transformation were cloned in the pUAST vector, and transgenic lines were established by P element-mediated germ line transformation. P insertions were genetically mapped. For each variant, two lines were crossed with the arm-Gal4 driver at 22, 25, or 29°C. Collected embryos were stained with anti-Ubx or anti-Antp to select the conditions (line and temperature) that result in expression levels similar (Ϯ15%) to Ubx and Antp wild-type levels in A1 and T2, respectively. Levels of Ubx and Antp in wild-type embryos were assessed in a sized region in the middle of A1 and T2, respectively. The mean luminosity values for these regions were established by using the AxioVision LE4.5 measurement tool. The same-sized region was then used in T1 to establish the mean luminosity value in armϾUbx and armϾAntp embryos. Quantification of DME repression was achieved by using the same DME-lacZ insertion. The levels of DME enhancer repression were estimated by quantifying the surface reduction in T2 of the DME-positive cell cluster by using the AxioVision LE4.5 measurement tool. Quantification was done on three individual experiments for each genotype. The error bars in Fig. 1C represent the deviation from the average value established from the three sets of quantification. For experiments with the MS1096-Gal4 and the 24B-Gal4 drivers, we used line and temperature conditions that were chosen for the arm-Gal4 driven experiments, ensuring that similar levels of wild-type and UbdA-deficient proteins were produced.
Protein Expression and EMSAs. Exd and Hth were full-length, and Hox proteins and their variants were as schematized in Figs. 1B and 3A. Proteins were produced with the TNT (T7)-coupled in vitro transcription/translation system (Promega). Production yields of Hox proteins and variants were estimated by [ 35 S]methionine labeling. The amounts of Hox proteins used in the band-shift assays are indicated in the respective figures. EMSA were performed as described previously (14) with 5 l of a doubly programmed Exd/Hth lysate. Probes used were doublestranded DllR [5Ј-TAT T TGGGA A AT TA A ATCAT TC-CCGCGGACAGTT (21)], DllRcon [5Ј-TATTTGGGCCATA-AATCATTCCCGCGGACAGTT (21)], box2Ј from the tsh epidermal enhancer [5Ј-TCATGGACTGA A A ACCATA-AATTTGATAATTGACTTTCCAC (27) ], and Ubx-binding site 4 (5Ј-TGGGGTTGGTAATTAAAGGGG) and 7 (5Ј-TGGGGTTTTTTAATAAGTTGGGG) from the sal enhancers (13) . Ten micrograms of FP3.38 was used for the ''supershift'' experiments. EMSAs on the different probes were performed at least once with proteins produced from the same in vitro transcription/translation reactions.
